We present a systematic approach to the design of a set of high-flux solar simulators (HFSSs) for solar thermal, thermochemical, and materials research. The generic simulator concept consists of an array of identical radiation modules arranged in concentric rows. Each module consists of a short-arc lamp coupled to a truncated ellipsoidal specular reflector. The positions of the radiation modules are obtained based on the rim angle, the number of concentric rows, the number of radiation modules in each row, the reflector radius, and a reflector spacing parameter. For a fixed array of radiation modules, the reflector shape is optimized with respect to the source-to-target radiation transfer efficiency. The resulting radiative flux distribution is analyzed on flat and hemispherical target surfaces using the Monte Carlo ray-tracing technique. An example design consists of 18 radiation modules arranged in two concentric rows. On a 60-mm dia. flat target area at the focal plane, the predicted radiative power and flux are 10.6 kW and 3.8 MW m À2 , respectively, and the predicted peak flux is 9.5 MW m À2 .
Introduction
Solar technologies that require point-focused concentrated sunlight, such as thermal receivers and solar reactors, can be tested under actual sunlight using solar furnaces [1, 2] , solar towers [3, 4] , and solar dishes [5, 6] , or with artificial concentrated sunlight using HFSSs. HFSSs are particularly useful for lab-scale ($1-10 kW) prototype testing, as they provide a controlled, steady, and reproducible source of concentrated radiation, independent of the availability of direct sunlight. Furthermore, embedding the HFSS in an existing laboratory environment simplifies the logistics and provides a weather-protected indoor testing environment. HFSSs have been employed for several years in solar thermal and thermochemical research, and for high-temperature materials testing and processing. Table 1 compares the design and radiation characteristics of six HFSSs reported in literature. 2 They consist of 1-10 radiation modules, each having an xenon or an argon arc lamp positioned at the focus of an elliptical specular reflector, either a point-focusing truncated ellipsoid of revolution or a line-focusing truncated elliptical trough. These HFSSs deliver between 0.9 and approx. 20 kW of radiative power onto a 60-mm dia. target located at the focal plane, with average flux values ranging from 0.1 to 6.8 MW m À2 . Peak fluxes range from 3.8 to 16 MW m À2 . These radiation characteristics of the HFSSs are representative of the above mentioned point-focusing solar concentrators. In addition, the emission spectrum of a xenon arc lamp resembles that of blackbody radiation at 6000 K and hence approximates the terrestrial solar spectrum, as shown in Fig. 1 .
Geometrical relations have been formulated to describe the design of HFSSs with seven lamps [14] and with ten lamps [12] . In this paper, we formulate the relations describing the geometry of a set of HFSSs. The generic simulator concept consists of an array of identical radiation modules arranged in concentric rows.
Each module consists of a short-arc lamp coupled to a truncated ellipsoidal mirror. The positions and orientations of the radiation modules are obtained based on the rim angle, the number concentric rows, number of radiation modules in each row, the reflector radius, and a reflector spacing parameter. Once the array of radiation modules has been determined, the eccentricity of the ellipsoidal reflector is optimized to maximize the source-to-target radiation transfer efficiency, taking into account the measured directional emission distribution of the lamp. A Monte Carlo raytracing model is formulated to analyze and optimize the HFSS design with respect to the radiative flux distribution at and behind the focal plane. An exemplary HFSS design is described, consisting of 18 radiation modules arranged in two concentric rows, and the Monte Carlo ray-tracing results for this design are presented.
Geometry
2.1 Overview. The geometry of the radiation module is shown in Fig. 2 . It consists of a specular reflector in the shape of a section of an ellipsoid of revolution with a lip of thickness t, and a high-intensity lamp that approximates a point light source positioned at focus 1 of the ellipsoid. The reflector focuses the radiation emitted by the lamp onto focus 2 of the ellipsoid of revolution at the focal distance 2c from focus 1. Figure 3 illustrates the arrangement of the radiation modules comprising the solar simulator. The radiation modules are arranged in m (row index j ¼ 1; :::; m) concentric rows, with n j radiation modules in row j (module index k ¼ 1; :::; n j ), such that the center of the truncation cross section of each reflector, P j;k , lies on the surface of a virtual sphere of radius d center , and the foci 2 of the radiation modules form one common focus. A hole of projected radius r central is incorporated at the center of the simulator.
The geometry of the solar simulator is established in two steps. In the first step, the positions and orientations of the truncation cross sections (Fig. 3 ) of the reflectors are determined based on the following prescribed parameters: the rim angle, U, the number of concentric rows of radiation modules, m, the number of radiation modules in each row, n j , the inner radius of the reflector, r in , and the thickness of the lip of the reflector, t. In the second step, the shape of the reflector and the positions of the lamps are determined. Two Cartesian coordinate systems are used for the description and modeling of the radiation modules. The global coordinate system x; y; z ð Þ is located at the common focus, with z-axis Additional solar simulators have been mentioned in the literature, including a one-lamp design producing a peak radiative flux of 1.11 MW m À2 [7] , a two-lamp design delivering a radiative flux of 2.15 MW m À2 over a 8 mm dia. target [8] , and a seven-lamp design, which, in combination with a CPC, delivers 2.87 MW m À2 over a 40 mm dia. target [9] .
Contributed by the Solar Energy Division of ASME for publication in the JOURNAL OF pointing along the center axis of the simulator toward the reflectors, y-axis pointing in vertical direction, and x-axis direction obtained from the right-hand rule (Fig. 3) . The unit vectorsî,ĵ,k are defined to point along the global coordinate axes x, y, z, respectively. In addition, for each radiation module a local coordinate system x l ; y l ; z l ð Þis used, which is located at focus 1 of the radiation module, with z-axis direction along the axis of the radiation module toward focus 2, and x l -and y l -axis directions perpendicular to z l and to each other according to the right-hand rule. The unit vectorsî l ,ĵ l ,k l are defined to point along the local coordinate axes x l , y l , z l , respectively (Fig. 2) . The global coordinate system is used to describe the location and orientation of the radiation modules, while the local coordinate systems are used in the Monte Carlo ray-tracing model. The focal plane of the solar simulator is defined as the plane described by z ¼ 0.
Array of Radiation
Modules. The geometrical relations described below by Eqs. (1)-(10) are used to determine the position and orientation of the truncation cross section of each reflector. For the outermost row of radiation modules, j ¼ m, the parameter l clear , defined as the horizontal distance between focal plane and inner edge of the closest reflector ( Fig. 3(b) ), is determined iteratively, such that neighboring reflectors touch each other at the outer edges of the reflector lips, as shown in Fig.  3 (a) 3 . For rows j ¼ 1; :::; m À 1, the parameter used for the same purpose is a gap;j , the angular spacing between adjacent lamp rows ( Fig. 3(b) ).
The distance d in between the inner edge of the reflector and the common focus of the simulator is given by
The cone half-angle formed by the inner edge of the reflector and the axis of the radiation module, a in , is given by
The distance d center between the center of the truncation cross section of any of the reflectors in the array, P j;k , and the common focus of the simulator is given by
The truncation cross sections of the reflectors in row j lie on a circle of radius r row;j ( Fig. 3 (b))
The angle b j describes the angle formed by the axis of a radiation module in row j and the axis of the solar simulator. It is given by b m ¼ U À a in for row j ¼ m, and by b j ¼ b jþ1 À 2a out À a gap;j for rows j ¼ 1; :::; m À 1, where
with r out ¼ r in þ t. The angle 2v j , the angular range occupied by one radiation module in row j, is found from the 2D geometry shown in Fig. 3 (a). The projection of the truncation cross section of the reflector on the x-y plane is an ellipse with semiprincipal axes r out cos b j and r out . Angle v j is formed by the direction Àî and the direction of the tangent to the ellipse that passes through x ¼ y ¼ 0, described by the unit vectort j . Hence Fig. 1 Comparison of the emission spectrum of a xenon arc lamp (Osram XBO 6500 W OFR) [17] with the terrestrial solar spectrum (ASTM AM1.5) [18] and the emission spectrum of a blackbody at 6000 K 3 Setting t to a slightly larger value than in reality introduces small gaps between the reflectors that facilitate the installation and adjustment of the radiation modules.
Unit vectort j is calculated from
The number of radiation modules in row j is then obtained from
Equations (1)- (8) are iterated for each row, to determine l clear (for row m) and a gap;j (for rows j ¼ 1; :::; m À 1) such that the resulting value for n j obtained from Eq. (8) matches the prescribed number of lamps in row j.
The center point of the truncation cross section of the kth module in row j is found from
with w j;k ¼ 2 k À 1 ð Þv j , and the unit vector pointing along the axis of the radiation module toward the common focus is given bŷ
2.3 Geometry of Radiation Module. The parameter used to define the reflector shape and the position of the lamps is the eccentricity of the ellipsoid of revolution, defined as where a and b are the semiprincipal axes of the ellipsoid of revolution (Fig. 2) . The focal distance and the eccentricity are related via
The distance between focus 1 and the truncation cross section is given as
A point on the inner edge of the reflector is described by
Solving the set of Eqs. (11)- (14) 
Backward substitutions yield the remaining unknowns a, b, and l trunc . The eccentricity is determined iteratively to meet a prescribed truncation angle, s trunc (Fig. 2 )
Finally, the position of the lamps is found from
Additional geometry parameters of interest are the reflector length
where l ap is the length of the truncated section at the apex of the reflector 19) and the inclination of the lamps relative to the horizontal position
Two
Second, the lamp position should be inside the reflector
Optical Characterization
A Monte Carlo ray-tracing simulation is formulated to predict the optical characteristics of the solar simulator [19] . The lamps are assumed to be xenon short-arc lamps. The lamp is modeled as a cylindrical emitting volume of length l arc and radius r arc (Fig. 4(a) ), centered at focus 1 of the radiation module, with the cylinder axis aligned with the symmetry axis of the radiation module. Radiation is assumed to be emitted uniformly within the cylinder. For every ray, pseudorandom numbers on the interval 0; 1 ð Þ are generated and used to determine the radial, axial, and circumferential coordinates of the emission point, and the azimuthal and polar angles describing the direction of emission of the ray. The angular emission distribution is given by the manufacturer in tabular form. It is characterized by a nearly uniform azimuthal distribution and the polar distribution shown in Fig. 4(b) , with emission angles ranging from 19 deg to 135 deg, measured relative to the Àz l direction. The polar emission angle, h, is determined by equating the cumulative distribution function for h to a random number
and determining h from the tabular data with a binary search algorithm and linear interpolation. Ray paths are tracked from the point of emission to the (last) target surface along the ray path. The reflector material is assumed to be polished alumina with specular reflectivity approximated by q ¼ 0.9 [21, 22] . Specular reflection on a surface with local unit surface normal vectorn is described bŷ
whereŝ inc andŝ refl describe the ray travel directions before and after the reflection, respectively. The ideal surface normal vector on the reflector is obtained from where
describes the surface of the ellipsoid in local coordinates. Different approaches have been used to describe reflector surface imperfections [23] . In all models it is assumed that the length scale of the surface error is much larger than the wavelength of the reflected radiation, and that surface errors are randomly distributed over the reflector surface. The surface error is introduced either by modifying the ideal surface normal vector,n ideal , obtained from Eq. (25) , or by modifying the reflected ray vector, s refl , obtained from Eq. (24) withn ¼n ideal . The modification of n ideal orŝ refl is described either with polar coordinates (u, h), or with two polar angles (h 1 , h 2 ) perpendicular to each other. When polar coordinates (u, h) are used, u is assumed to be uniformly distributed between 0 and 2p, while for h either a Gaussian probability density function with standard deviation r 1 (model 1a) [24] or a Rayleigh probability density function with mode h m (model 1b) [25] is used. When two polar angles (h 1 ,h 2 ) are used, both h 1 and h 2 are described by Gaussian probability density functions with equal standard deviation r 2 (model 2) [25] . Johnston [25] showed that using model 1b with mode h m ¼ r 2 to describe the difference betweenn ideal andn is equivalent to using model 2.
Comparison with experimentally measured surface error data indicates that this modeling approach is suitable. Moreover, Krueger [23] illustrated that using model 1a is similar to using model 2, when r 1 ¼ ffiffi ffi 2 p r 2 . Here, model 1b is used to describe the difference betweenn ideal andn. For each ray, h is obtained from
where < h denotes a random number between 0 and 1. The mode of the Rayleigh distribution is assumed to be h m ¼ 2.5 mrad. This value was determined by Krueger [23] for the type of reflectors assumed to be used here, based on a comparison of measured and simulated radiative power distributions at the focal plane. The azimuthal angle u is found from
4 Results and Discussion
Geometrical Considerations.
Equations (1)- (8), together with the design constraints defined in Sec. 2 (radiation modules arranged in concentric rows over a spherical surface; adjacent reflectors in each row), couple the prescribed parameters defined in Sec. 2, U; m; n j ; r in ; t, with the unknown parameters l clear and a gap;j . Figure 5 shows the variation of l clear and a gap;1 as functions of r in and U, for fixed m ¼ 2, n j ¼ 6; 12 ½ , and t ¼ 20 mm. It shows that both increasing l clear and increasing U require an increase in the reflector radius, while a gap;1 remains relatively small and nearly independent of the reflector radius. The upper Table 2 ; circles (red) in the 18 reflector foci indicate the lamp positions limit for the reflector radius depends on the limitations imposed by the manufacturing process of the reflector. In addition, larger reflectors are heavier and tend to require thicker walls to achieve the same shape stability as smaller ones. Moreover, increasing l clear or U leads to an increase of the height of the simulator, h (Fig. 3(b) ). In practice, both h and l clear are limited by the space available for the solar simulator. l clear should be large enough to: (i) install a safety shutter between the simulator and the focal plane (where the experiment is placed) and (ii) provide sufficient clearance between the simulator and the experiment to avoid any damage to the simulator due to the spillage of fluids, excessive heat, or flying parts in the event of failure of the experimental setup. Rim angles of solar dish concentrators usually are >45 deg for practical reasons. Hence, solar simulators with U < 45 deg are not representative of real solar dish concentrators and should be avoided. Fig. 6 . The geometry parameters are listed in Table 2 .
Selected
The rim angle of 45 deg corresponds to the rim angle that maximizes the solar concentration ratio at the focal plane of a solar dish concentrator [5] . Increasing the number of radiation modules influences several design aspects. It increases the flexibility at selecting the radiative flux and power at the focal plane. On the other hand, it also increases the complexity of the solar simulator, as each lamp requires a separate rectifier, cooling fan, and connections. Finally, a larger number of smaller lamps with lower power reduces the flux peaks on target surfaces behind the focal plane, which reduces the risk of "hot-spots" that can lead to damage of the tested solar device. The obtained clearance, l clear , is sufficiently large to install a safety shutter between simulator and focal plane. The view angle, s trunc , has been selected such that nearly all radiation emitted by the lamp in forward direction is intercepted by the reflector (Fig. 4(b) ). Table 3 . New lamps convert approx. 60% of the electric power input to radiation that is emitted from the Xe arc, the rest being lost as heat via convection and IR radiation [20] . Due to a degradation of the lamp electrodes, the radiative power emitted by the lamp decreases over its lifetime. To provide some space to compensate for this reduction of the radiative power emitted by the lamp, the solar simulator is designed with the lamps operating at 70% of their nominal power. The radiative flux distribution at the focal plane (Fig. 7) is axisymmetric and the results can be analyzed in 1D (radial direction), as shown in Fig. 8 . Numerical results for selected target radii are listed in Table 4 .
To analyze the angular uniformity of the radiation emitted by the solar simulator, the flux distribution is determined on a hemispherical target of 0.2 m radius, with its base at the focal plane and the hemisphere extending behind the focal plane. The result for the 18-lamp design with the parameters listed in Tables 2 and 3 is shown in Fig. 9(a) . To assess the benefit of using an increased number of smaller radiation modules compared to a smaller number of larger modules, the result is compared to that obtained for a sevenlamp design, with the geometrical parameters listed in Table 5 . The simulation parameters for the seven-lamp design are those in Table  3 , except for the rated lamp power, which is increased to 6.5 kW. The result for the seven-lamp design is shown in Fig. 9(b) .
The radiative power delivered onto the hemispherical target is similar for the two HFSS designs (18-lamp design: 15.4kW; sevenlamp design: 16.0kW). However, due to the lower power per lamp, the peak flux values are nearly 50% lower with the 18-lamp design, and the flux spots created by the lamps are smaller in size. This reduces the risk of "hot-spots" and damage of tested solar devices. A strong correlation between the mechanical stress distribution in the wall of a cylindrical cavity receiver and the temperature distribution in the wall was shown by Hischier et al. [26] . The effect of the larger rim angle of the 18-lamp design (45 deg as opposed to 37.7 deg) is also visible in Fig. 9 , which leads to the distribution of the incident radiation over a larger area of the hemispherical target.
Summary and Conclusions
A systematic approach has been developed for the design of a set of HFSSs. The design is based on concentric rows of identical radiation modules that are arranged over a virtual sphere to form a common focus. The rim angle, the number of concentric rows, the number of radiation modules in each row, the reflector radius, and the reflector spacing are the input parameters, while the clearance between the simulator and the focal plane and the angular spacing between the concentric rows are the dependent parameters. This design method can be applied for the design of HFSSs with various rim angles, overall dimensions, number of radiation modules, and radiative power outputs.
A simulator design consisting of 18 radiation modules arranged in two concentric rows has been presented and characterized with the Monte Carlo ray-tracing method. The simulator delivers up to 15.4 kW of radiative power to the focal plane with a transfer efficiency of up to 81%. The peak radiative flux is 9.5 MW m À2 . On a 60-mm-dia. target area, the intercepted radiative power is 10.6 kW, the mean flux is 3.8 MW m
À2
, and the transfer efficiency is 56%. Comparing the radiative flux distribution on a Fig. 9 Radiative flux distribution on a hemispherical target surface of 0.2 m radius, with its base at the focal plane and the hemisphere extending behind the focal plane, for (a) the 18-lamp HFSS design presented in this paper and (b) the seven-lamp HFSS design with geometrical parameters listed in Table 5 , which is similar to the design reported by Krueger et al. [14] (units of radiative flux: kW m 22 ) Table 3 Simulation parameters Rated electric power input to the lamp (kW) 2.5 Factor accounting for part-load operation of the lamp 0.7 Electric-to-radiation conversion efficiency of the lamp [20] 0.6 Reflector surface error, h m (mrad) 2.5 Specular reflectivity of reflector, q [21, 22] 0.9 Table 5 Geometrical parameters of the seven-lamp solar simulator design used to assess the radiative flux distribution on a hemispherical target. The geometry is similar to that reported by Krueger et al. [14] .
0.2-m-radius hemispherical target obtained with the 18-lamp simulator design with that obtained with a seven-lamp design reveals a significant improvement in the angular uniformity of the flux distribution and a reduction of the peak flux values by nearly 50%. This reduces the risk of hot-spots and material damage in the tested solar device.
